Analytical approach for the excited-state Hessian in time-dependent density functional theory: Formalism, implementation, and performance J. Chem. Phys. 135, 184111 (2011) Stability analysis of multiple nonequilibrium fixed points in self-consistent electron transport calculations J. Chem. Phys. 135, 174111 (2011) Communication: Orbital instabilities and triplet states from time-dependent density functional theory and longrange corrected functionals J. Chem. Phys. 135, 151103 (2011) All-electron time-dependent density functional theory with finite elements: Time-propagation approach J. Chem. Phys. 135, 154104 (2011) Additional information on J. Chem. Phys. Time-dependent density functional theory ͑TD-DFT͒ and DFT-based multireference configuration interaction ͑DFT/MRCI͒ calculations are reported for a recently proposed benchmark set of 28 medium-sized organic molecules. Vertical excitation energies, oscillator strengths, and excited-state dipole moments are computed using the same geometries ͑MP2/6-31G ‫ء‬ ͒ and basis set ͑TZVP͒ as in our previous ab initio benchmark study on electronically excited states. The results from TD-DFT ͑with the functionals BP86, B3LYP, and BHLYP͒ and from DFT/MRCI are compared against the previous high-level ab initio results, and, in particular, against the proposed best estimates for 104 singlet and 63 triplet vertical excitation energies. The statistical evaluation for the latter reference data gives the lowest mean absolute deviations for DFT/MRCI ͑0.22 eV for singlets and 0.24 eV for triplets͒ followed by TD-DFT/B3LYP ͑0.27 and 0.44 eV, respectively͒, whereas TD-DFT/BP86 and TD-DFT/BHLYP are significantly less accurate. The energies of singlet states with double excitation character are generally overestimated by TD-DFT, whereas triplet state energies are systematically underestimated by the currently investigated DFT-based methods.
I. INTRODUCTION
In a recent study 1 we presented an ab initio benchmark for electronically excited states of 28 medium-sized organic molecules with a total of 223 excitations. Calculations were performed using multistate complete-active-space secondorder perturbation theory ͑MS-CASPT2͒ and coupled cluster methods ͑CC2, CCSD, and CC3͒. On the basis of these results and high-level ab initio data from literature, we proposed best theoretical estimates for the vertical excitation energies of 104 singlet and 63 triplet excited states. The application of accurate ab initio methods such as MS-CASPT2 and CC3 is still limited in practice to rather small molecules, and there is clearly a need for reliable approximate methods that can deal with larger systems. There are a number of requirements 2 that approximate methods for electronically excited states should ideally satisfy: generality ͑ability to treat arbitrary types of excited states͒, accuracy ͑small errors in excitation energies, preferably less than 0.2 eV͒, availability of properties ͑including oscillator strengths, dipole moments, and analytic nuclear gradients͒, minimum human effort ͑standardization, "black-box" character, as few technical parameters as possible͒, and computational efficiency ͑small memory and CPU demand, comparable to a corresponding ground-state calculation͒. While none of the currently available methods fulfills all these requirements, density functional theory ͑DFT͒ is generally considered as a promising candidate. Therefore, in this article, we evaluate the performance of DFT-based approaches by comparison against our ab initio benchmark data.
1
Over the past decade, time-dependent density functional theory ͑TD-DFT͒ ͑Ref. 3͒ has become one of the most prominent methods for calculating excited states. 4 A major advantage of TD-DFT is its low computational cost, 5 roughly comparable with single excitation theories based on the Hartree-Fock ͑HF͒ ground state such as configuration interaction with singles or the random phase approximation. TD-DFT excitation energies are computed as poles of the frequency-dependent density matrix response. 3 Since the commonly used adiabatic approximation represents this response in terms of single excitations, TD-DFT is best suited for excited states that are dominated by single excitations. TD-DFT properties are obtained from derivatives of the excited-state energy with respect to external perturbations. 6, 7 TD-DFT calculations can be standardized and are thus userfriendly ͑no need to define an active space or to select reference configurations͒.
Evaluations of TD-DFT performance have been reported for various density functionals. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Most of these studies have compared TD-DFT vertical excitation energies either with experimental results or with published CASPT2 calculations. Generally speaking, these evaluations are less comprehensive and less systematic than desirable. The use of experimental excitation energies as reference data may be problematic because the observed band maxima do not exactly match the vertical excitation energies, bands are often found to overlap, and spectra may be available only in solution and not in the gas phase. Comparisons with published CASPT2 results suffer from nonuniform setup conventions in literature, e.g., with regard to geometries, basis sets, and active spaces.
An alternative DFT-based method for electronically excited states arises from the use of Kohn-Sham ͑KS͒ orbitals in a multireference configuration interaction ͑MRCI͒ framework. 18 In this ansatz, the major part of dynamic electron correlation is captured by the KS-DFT treatment, and static correlation effects are introduced by the MRCI technique, which is also flexible enough to properly describe states with double excitation character. The DFT/MRCI configuration state functions are built from KS rather than from HF orbitals. The usual HF-based MRCI formalism is formally retained, but modified by incorporating five universal empirical parameters in order to alleviate problems with the double counting of dynamic electron correlation. The five DFT/MRCI parameters have been fitted to experimental data for ten reference molecules. 18, 19 Optimized values are available for singlet and triplet multiplicities 18 in combination with the BHLYP hybrid exchange-correlation functional. 20, 21 The DFT/MRCI method has been tested for a number of organic chromophores 18, 22 and applied to the simulation of gas phase UV/vis spectra ͑see, for example, Refs. 23-32͒ and CD spectra. 33 Overall, however, it has been validated and used less widely than TD-DFT, in spite of its promising performance in the cited papers.
In this article, we present a systematic assessment of TD-DFT ͑BP86, B3LYP, and BHLYP functionals͒ and DFT/ MRCI. We use the same geometries and basis sets as in our recent ab initio benchmark study 1 to ensure that the results are directly comparable. This paper is structured as follows. In Sec. II we briefly describe the computational methods used. Thereafter we discuss their performance for vertical excitation energies ͑Sec. III A͒ and one-electron properties ͑Sec. III B͒. A statistical evaluation allows us to assess the merits and shortcomings of each method in more quantitative detail ͑Sec. III C͒. We conclude with a brief summary.
II. COMPUTATIONAL METHODS
All calculations were carried out at the optimized ground-state equilibrium geometries reported previously.
1,34
The TZVP basis was used throughout, which is of valence triple-quality and augmented by polarization functions at all atoms. 35 As discussed before, 1 the lack of diffuse functions can compromise a balanced description of higher-lying spatially extended states. This is less relevant here, however, since the present paper focuses on the direct comparison to ab initio benchmark data obtained with the same basis. Further remarks on basis set dependence are found below and in literature ͑see, for example, Refs. 24, 27, 28, 30, and 36͒.
A. TD-DFT calculations
Self-consistent field ͑SCF͒ and TD-DFT calculations were performed with the TURBOMOLE program ͑version 5.7.1͒. 37 Three functionals were investigated: the gradientcorrected BP86 functional, 38, 39 the hybrid Becke3-LeeYang-Parr ͑B3LYP͒ functional 20, 38, 40 with 20% of HF exchange, and the Becke-half-and-half-Lee-Yang-Parr ͑BH-LYP͒ functional 20, 21 with 50% of HF exchange. In the BP86 case, the resolution of identity ͑RI͒ method was employed to evaluate the two-electron integrals, making use of auxiliary basis sets from the TURBOMOLE library. 41, 42 Calculations of vertical excitation energies 5, [43] [44] [45] [46] were done in the adiabatic approximation. 5, 47 For every state symmetry, the energies, dipole moments, and oscillator strengths were computed for at least the five lowest states. 6, 7, 46, 48 It is generally accepted that TD-DFT significantly underestimates excitation energies ͑by up to several eV͒ in the case of Rydberg states 49, 50 and charge transfer ͑CT͒ states, 51 because of the wrong asymptotic behavior of the standard exchange functionals. Asymptotic corrections have been suggested as a remedy for Rydberg excitation energies, 49, 50 but the simultaneous description of both types of excitations remains a challenge for TD-DFT. 5, 8 It should be emphasized that the current benchmark set does not include any CT states nor any "pure" Rydberg states, and is thus not designed to document the corresponding known failures of TD-DFT.
In our previous benchmark study, 1 we checked the basis set sensitivity of the computed excitation energies for ethene and formaldehyde. We found that the results converged well for the low-lying valence states, and much more slowly for the higher-lying states with partial Rydberg character where the TZVP results were several tenths of an eV above the basis set limit. It is common wisdom that DFT calculations are less sensitive to basis set extension than ab initio calculations, and we thus expect qualitatively similar but quantitatively less pronounced basis set effects. This has been studied for the B3LYP and BHLYP functionals through TD-DFT calculations on formamide using the correlation-consistent basis sets cc-pVXZ as well as the augmented variants aug-cc-pVXZ and d-aug-cc-pVXZ ͑X = D , T , Q ,5͒. 52, 53 The results are given as Supporting Information ͑Table VIII͒. 54 They confirm our qualitative expectations. The low-lying 1 1 AЉ valence state is dominated by a single n → ‫ء‬ excitation, and the computed excitation energies and one-electron properties converge quickly upon basis set extension: The TZVP excitation energy is within 0.1 eV of the basis set limit. On the other hand, the high-lying 2 1 AЈ state with → ‫ء‬ character suffers from considerable valence-Rydberg mixing, and consequently its energy decreases strongly upon augmentation of the basis ͑by 0.7-0.9 eV when going from TZVP toward the basis set limit͒. We emphasize again that such variations are not of primary concern in the present context since we directly compare ab initio and TD-DFT results obtained with the same TZVP basis set.
B. DFT/MRCI calculations
The initial KS-DFT calculations were carried out with the TURBOMOLE program ͑version 5.7.1͒. 37 The subsequent MRCI calculations were done with the spin-free MRCI code and the associated property program, 18 which is linked to TURBOMOLE. They make use of an iterative procedure for the selection of the most important configurations. Since higher excitations ͑that account for dynamic correlation͒ are conceptually incorporated through the DFT treatment, it is justified to use an energy-based selection criterion in DFT/ MRCI and to disregard all configurations with energies above a certain configuration selection threshold. A value of 1.0 hartree yields converged results for the excitation energies and was thus adopted for all DFT/MRCI calculations. The initial reference configurations were generated from up to two ͑active͒ electrons out of ten electrons in ten active orbitals. The corresponding number of reference configurations varied between 14 for cyclopentadiene and 244 for s-tetrazine. The oscillator strengths were calculated in the dipole length representation. Two-electron integrals were evaluated in DFT/MRCI using the RI approximation 41, 55 with the optimized RI-MP2 basis sets from the TURBOMOLE library. This standard DFT/MRCI procedure was applied to all benchmark molecules.
III. RESULTS AND DISCUSSION
Detailed results for all excited states considered are given in Tables XI-XXXIX of the Supporting Information. 54 There is one table for each benchmark molecule that contains, for each particular state, the computed vertical excitation energy, oscillator strength, and dipole moment. The present TD-DFT ͑BP86, B3LYP, and BHLYP͒ and DFT/ MRCI results are supplemented with CASPT2 results from literature as well as MS-CASPT2 results, CC3 results, and the best estimates from our previous benchmark study 1 since these enter the current statistical evaluations. In addition, selected TD-DFT results from literature are given with the corresponding references. 5, [8] [9] [10] [11] [12] [13] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] Our previous MS-CASPT2 calculations 1 were carried out with the inclusion of scalar relativistic effects in the oneelectron Hamiltonian according to the Barysz-SadlejSnijders transformation 66 ͑MOLCAS option BSSM͒. Since such relativistic effects are not included in any of the other calculations, we have repeated all MS-CASPT2 calculations at the nonrelativistic level. In this paper, we present these nonrelativistic MS-CASPT2 results and use them throughout. As may have been expected, the differences between the nonrelativistic and relativistic MS-CASPT2 results for the current organic benchmark molecules ͑first-row only͒ are very small: The mean deviation ͑MD͒ for the vertical excitation energies of all 217 states is 0.00 eV, the mean absolute deviation ͑MAD͒ is 0.01 eV, and there are only few individual deviations of several hundredths of an eV. Some of the MS-CASPT2 excitation energies have been selected as best estimates in the case of singlet states, 1 and hence there are also some corresponding minor changes in these estimates ͑20 cases͒, which are included and used throughout this paper. In view of the tiny differences between the relativistic and nonrelativistic MS-CASPT2 results, all of our previous conclusions 1 remain valid. Tables I and II . Some notable trends are obvious at first sight: For the singlet states, BP86 gives the lowest TD-DFT excitation energies, followed by B3LYP and finally BH-LYP. Due to its parametrization, DFT/MRCI gives excitation energies that generally lie between those from BP86 and B3LYP, in spite of the fact that it employs KS-BHLYP orbitals.
A. Vertical excitation energies of the benchmark molecules
In the following we briefly discuss the results ordered by the class of molecules studied: polyenes; unsaturated cyclic and aromatic hydrocarbons; heterocycles; aldehydes, ketones, and amides; and nucleobases. We shall focus on comparisons with the theoretical best estimates. 1 A prerequisite for such comparisons is the correct assignment of states, which is sometimes nontrivial. Pure gradient-corrected functionals ͑such as BP86͒ give usually rather low orbital energy gaps, and hence relatively low transition energies, 44 whereas an increased admixture of HF exchange in hybrid functionals leads to blueshifted excitation energies and, occasionally, to an inversion of the states. 67 It is thus often not sufficient to make assignments by analogy, but one generally needs to check the composition of every excited-state wave function as well as one-electron properties ͑such as oscillator strengths͒ to arrive at a reliable assignment.
Ethene 1 A g states show considerable double excitation character and are found relatively close to the best estimate value ͑maximum deviation of 0.37 eV for butadiene͒. To be more specific, the HOMO→ LUMO double excitation contributes 26%, 32%, and 33% to the 2 1 A g state of butadiene, hexatriene, and octatetraene, respectively, comparable with the calculated MS-CASPT2 data 1 and other published results. 68 The deviations for the triplet state energies range from −0.23 to 0.05 eV. These results are consistent with those from an extensive recent DFT/MRCI study on polyenes. 22 Cyclopropene, cyclopentadiene, norbornadiene, benzene, and naphthalene (Tables XV-XIX) . In these hydrocarbons, the largest deviations with TD-DFT ͑BP86͒ are found (Tables XXX-XXXV 
B. One-electron properties
Theoretical studies of electronically excited states have traditionally concentrated more on the energetics rather than on one-electron properties such as oscillator strengths and dipole moments. Only relatively few studies have addressed the convergence behavior of excited-state properties, e.g., with regard to basis set or level of theory. 5, 10, 59, 62, 64, 69, 70 In TD-DFT the computed oscillator strengths and excited-state dipole moments are known to depend, often quite sensitively, on the chosen functional and the basis set. 6, 57, [71] [72] [73] For example, the oscillator strengths of the lowest-energy → ‫ء‬ transition in benzene and substituted benzenes are well reproduced by TD-DFT only when using hybrid functionals with a significant amount of HF exchange ͑BHLYP͒ and basis sets with diffuse functions, whereas they are strongly underestimated by pure DFT functionals. 72 As a second example, we quote early TD-DFT studies of the excited-state dipole moments of furan and pyrrole that show a large variation ͑up to several Debye͒ with the chosen functional and basis set, 57 as well as a strong sensitivity to approximations such as neglecting orbital relaxation in the one-particle density matrix. 73 In analogy to the excitation energies ͑see Sec. II A͒ we have checked the basis set convergence of the computed oneelectron properties at the TD-DFT level for formamide. The corresponding B3LYP and BHLYP results are documented in Table VIII of the Supporting Information. 54 As expected, we find smooth convergence for the 1 1 AЉ state, which is dominated by a single n → ‫ء‬ excitation with a weight of typically more than 90%: The oscillator strength is always close to zero, and the excited-state dipole moment decreases monotonically along the series of ͑augmented͒ correlationconsistent basis sets over a range of about 0.2 D to arrive at converged values of 2.4 D ͑TD-DFT/B3LYP͒ and 2.2 D ͑TD-DFT/B3LYP͒. By contrast, the 2 1 AЈ state shows considerable valence-Rydberg mixing, and the relative weights of the → ‫ء‬ and the Rydberg excitation vary strongly with the basis set and the amount of HF exchange in the functional: The oscillator strengths are reduced by about a factor of 2 upon basis set extension and seem to converge toward a value around 0.17, while the computed excited-state dipole moments scatter irregularly ͑see Table VIII͒. These data on formamide serve as a reminder that the one-electron properties currently calculated with the TZVP basis cannot in general be considered as converged with regard to basis set extension ͑especially not for the higher-lying excited states͒. We note again, however, that this deficiency is less relevant at present since our primary objective is the direct comparison between ab initio and DFT results obtained with the same TZVP basis; best estimates of excited-state oneelectron properties are not yet available for our benchmark set.
1 Table IX ͑see Supporting Information 54 ͒ collects published ab initio oscillator strengths ͑range of values and CASPT2 data͒, our own MS-CASPT2, CC2, and CCSD values, and the present TD-DFT and DFT/MRCI results for all dipole-allowed vertical transitions. The majority of computed TD-DFT and DFT/MRCI oscillator strengths are in the range of the published ab initio values. It is obvious that most of the TD-DFT oscillator strengths ͑more than 85%͒ increase in the sequence BP86Ͻ B3LYPϽ BHLYP. This is due to the increased amount of HF exchange, which leads to larger f values. 72 
C. Statistical evaluation
In the statistical evaluation for our benchmark, the present DFT-based results are related to four sets of reference data that have been assembled in our previous study: the earlier CASPT2 results from the Roos group, our own MS-CASPT2/TZVP and CC3/TZVP data, and our proposed theoretical best estimates.
Singlet state energies
Table III summarizes the statistical evaluation for the singlet excited states in the benchmark. Given are the number of states considered, the mean deviation ͑MD͒, the mean absolute deviation ͑MAD͒, and the standard and maximum deviations among each set. The number of states differs somewhat between the different reference sets: Available are 146 singlet state energies from the published CASPT2 and our MS-CASPT2 calculations, but only 116 CC3 energies and 104 theoretical best estimates.
1
When using the published CASPT2 data as reference, DFT/MRCI gives the lowest MAD ͑0.29 eV͒, followed by TD-DFT/B3LYP ͑0.37 eV͒, TD-DFT/BP86 ͑0.44 eV͒, and TD-DFT/BHLYP ͑0.73 eV͒. Positive ͑negative͒ MDs indicate that the calculated energies tend to be blueshifted ͑red-shifted͒ with respect to the reference values. The DFT/MRCI results ͑MD of 0.02 eV͒ thus scatter around the literature CASPT2 data. The excitation energies from TD-DFT/BP86 are lower on average ͑MD of −0.27 eV͒, while those from TD-DFT/B3LYP and TD-DFT/BHLYP are slightly and considerably higher on average ͑MDs of 0.10 and 0.65 eV, respectively͒. The largest deviations for the four DFT-based methods are found for the 1 1 AЉ state of s-triazine ͑0.79 eV, DFT/MRCI͒, the 3 1 B 3u state of naphthalene ͑0.82 eV, TD-DFT/BP86; 1.47 eV, TD-DFT/B3LYP͒, and the 3 1 B 1g state of s-tetrazine ͑3.00 eV, TD-DFT/BHLYP͒, the latter marking the biggest deviation overall.
The singlet excitation energies from the MS-CASPT2 and CC3/TZVP calculations are on average about 0.2 and 0.4 eV higher than the published CASPT2 values.
1 Changing the reference set to MS-CASPT2/TZVP and CC3/TZVP will thus cause corresponding shifts in the MDs of the TD-DFT and DFT/MRCI results ͑Table III͒. Now the DFT-based excitation energies appear generally redshifted with regard to the ab initio data, except for TD-DFT/BHLYP. The TD-DFT/ BP86 results show the worst agreement with the reference data ͑MDs of −0.48 and −0.61 eV compared to MS- CASPT2 and CC3, respectively͒, whereas TD-DFT/B3LYP and DFT/MRCI perform similarly well. The most relevant comparisons involve the theoretical best estimates as reference data. The correlation plots in Fig.  1 show immediately that TD-DFT/B3LYP and DFT/MRCI outperform TD-DFT/BP86 and TD-DFT/BHLYP. They indicate a slight edge for DFT/MRCI where the excitation energies have a smaller spread with respect to the best estimates. This is borne out by the statistical data: The MAD is smallest for DFT/MRCI ͑0.22 eV͒ followed rather closely by TD-DFT/B3LYP ͑0.27 eV͒ and much ahead of TD-DFT/BP86 ͑0.52 eV͒ and TD-DFT/BHLYP ͑0.50 eV͒. Both DFT/MRCI and TD-DFT/B3LYP tend to give singlet excitation energies that are slightly too low ͑MDs of −0.13 and −0.07 eV͒. Figure 2 shows separate histograms for the deviations between TD-DFT/B3LYP/TZVP and theoretical best estimates of singlet n → ‫ء‬ ͑left͒ and → ‫ء‬ ͑right͒ excited states. It is evident that there is closer agreement for the n → ‫ء‬ states. Similar distributions are also found for the other functionals, though redshifted for TD-DFT/BP86 and blueshifted for TD-DFT/BHLYP.
Triplet state energies
Statistical results for the triplet states are listed in Table  IV and visualized in Fig. 3 . The number of states considered varies for the different reference sets: 71 states are available from the earlier CASPT2 as well as from the recent MS-CASPT2 and CC3 calculations, and there are theoretical best estimates for 63 of these states.
1
It is evident at first sight that the DFT-based methods systematically underestimate the ab initio reference triplet excitation energies. With one minor exception ͑MD of 0.02 eV of DFT/MRCI with respect to the published CASPT2 results as reference͒, all MDs are negative. DFT/MRCI generally fares best, for example, with regard to the theoretical best estimates ͑MD of −0.24 eV compared with values between −0.45 and −0.54 eV for the three TD-DFT approaches͒; likewise, DFT/MRCI has by far the lowest MAD ͑0.25 versus 0.45-0.60 eV, see Table IV͒ . Noteworthy is also the close correspondence between DFT/MRCI and the published CASPT2 results ͑MD of 0.02 eV and MAD of 0.17 eV͒. 
Excited-state energy differences
In photochemistry, the relative energies of excited states can be more important than their absolute energies. It is therefore of interest to assess the performance of the DFTbased methods also with regard to excited-state energy differences. Given their combinatorially large number, which complicates any systematic evaluation, we have decided to focus on energy differences between low-lying states that may be photochemically relevant, i.e., S 2 − S 1 , T 2 − T 1 , and S 1 − T 1 . Table V presents the corresponding statistical evaluation using the best estimate energy differences as reference. We find again that DFT/MRCI performs best and TD-DFT/ BHLYP performs worst. The MADs of the DFT/MRCI data for the S 2 − S 1 , T 2 − T 1 , and S 1 − T 1 gaps are between 0.1 and 0.2 eV, confirming that DFT/MRCI also provides realistic energy differences. TD-DFT/BP86 and TD-DFT/B3LYP perform comparably well for the T 2 − T 1 gaps, with MADs of 0.11 and 0.16 eV, in spite of the systematic underestimation of triplet excitation energies with TD-DFT ͑see Table IV͒ Figure 4 shows the correlation between the oscillator strengths from the current calculations and those from our previous ab initio study. 1 The statistical evaluation is summarized in Table VI for reference data taken from published CASPT2, MS-CASPT2/TZVP, and CC2/TZVP calculations.
One-electron properties
Consistent with previous results, 72 the TD-DFT methods tend to underestimate the ab initio oscillator strengths to some extent ͑more so for CASPT2 or MS-CASPT2 than for CC2͒: The MDs are all negative and of similar magnitude as the corresponding MAD values ͑Table VI͒. The DFT/MRCI oscillator strengths are spread around the early CASPT2 reference data ͑MD of −0.003͒; they tend to be somewhat lower than the MS-CASPT2/TZVP results ͑MD of −0.019͒ and somewhat higher than the CC2/TZVP results ͑MD of 0.039͒. Considering the overall deviations in Table VI , DFT/MRCI fares best in the comparisons with the CASPT2 and MS-CASPT2/TZVP reference data, and performs similar to TD-DFT/B3LYP with respect to the CC2/TZVP data. This is also reflected in the correlation plots ͑Fig. 4͒ where DFT/MRCI shows the best correlation among the four DFT-based methods in each case, with correlation coefficients of 0.9176, 0.9493, and 0.9755 relative to CASPT2, MS-CASPT2/ TZVP, and CC2/TZVP. For the sake of completeness, we note that we tested the effect of the RI approximation on the CC2/TZVP reference data and found it to be negligibly small ͑generally less than Ϯ0.005 for oscillator strengths and Ϯ0.005 eV for excitation energies͒. Table VII presents indeed found quite often, i.e., relative to CASSCF for 23%, 22%, 17%, and 12% of the states in TD-DFT/BP86, TD-DFT/B3LYP, TD-DFT/BHLYP, and DFT/MRCI, respectively, and relative to MS-CASPT2/TZVP for 23%, 12%, 13%, and 14% of the states ͑analogously͒. The MDs in Table VII are all negative, which would seem to suggest that the DFT-based methods tend to give lower state dipole moments than the ab initio reference methods. This is deceptive insofar as the MD values are affected by a few pronounced negative outliers that occur in excited states of the nucleobases, as exemplified by the following deviations from the MS-CASPT2/TZVP dipole moments: tive conclusions outlined above. We have also separately considered the statistics for n → ‫ء‬ and → ‫ء‬ excited states and seen no particular trend: Most of the statistical data are similar, and the MADs remain between 0.6 and 0.8 D for both types of excited states.
IV. SUMMARY
The statistical evaluation of the present benchmark calculations shows that DFT/MRCI performs best for vertical excitation energies, giving the lowest MADs for any of the chosen ab initio reference data. Within TD-DFT, the B3LYP functional is clearly superior to BP86 and BHLYP. When using the proposed theoretical best estimates for 104 singlet ͑63 triplet͒ vertical excitation energies as reference data, the MADs are 0.22 ͑0.25͒ eV for DFT/MRCI, 0.27 ͑0.45͒ eV for TD-DFT/B3LYP, 0.52 ͑0.53͒ eV for TD-DFT/BP86, and 0.50 ͑0.60͒ eV for TD-DFT/BHLYP. For singlet states, the computed excitation energies are usually in the order TD-DFT/ BP86Ͻ DFT/ MRCIϷ TD-DFT/ B3LYP Ͻ TD-DFT/ BHLYP, with the systematic trend that TD-DFT/ BP86 ͑TD-DFT/BHLYP͒ generally underestimates ͑overesti-mates͒ the best estimate values. For triplet states, all studied DFT-based methods tend to give vertical excitation energies that are lower than the theoretical best estimates, with the smallest deviations for DFT/MRCI.
Concerning one-electron properties, the current comparisons are less definitive because theoretical best estimates have not yet been established for our benchmark molecules. In an overall assessment, DFT/MRCI again seems to perform best for oscillator strengths, whereas all DFT-based methods show considerable scatter for excited-state dipole moments ͑compared to MS-CASPT2 values obtained with the same TZVP basis͒. Generally speaking, the correlations between DFT-based and ab initio results are better for vertical excitation energies than for one-electron properties ͑as judged by the correlation coefficients͒.
The present benchmark has deliberately focused on valence excited states, such as its predecessor.
1 Low-lying valence states with double excitation character are known to be problematic for TD-DFT, and it is indeed found that the deviations for such states ͑e.g., in polyenes͒ are much larger in TD-DFT than in DFT/MRCI ͑which will influence but not distort the statistics͒. As emphasized before, the current benchmark does not include CT states and pure Rydberg states so that the statistical evaluations do not reflect the known qualitative failures of TD-DFT in these areas. It would be clearly interesting to document the performance of DFT/MRCI for these types of states, too, since the MRCI formalism should be flexible enough to treat them properly, but this is beyond the scope of the present article.
Finally, we note that a more thorough benchmarking of excited-state methods should go beyond vertical excitation spectra computed at the ground-state equilibrium geometry, by covering excited-state potential energy surfaces over a wide range of nuclear geometries ͑see, for example, Ref. 76͒. This includes proper validation of excited-state minima and conical intersections, which is essential for a reliable treatment of photochemistry. Work along these lines is in progress. 
